The physical mechanism of low-cloud feedbacks is examined by using perturbed-parameter ensemble experiments in a unified scheme of boundary layer turbulence and shallow convection, named Cloud Layers Unified by Binormals (CLUBB) coupled to Community Atmosphere Model version 5 (CAM5). The shortwave cloud feedbacks in CAM5-CLUBB are positive in the most stable tropical regime, which is related to the weaker turbulence in the planetary boundary layer (PBL) in a warmer climate that is possibly triggered by the strengthened stability of the cloud layer. The positive feedback between low cloud cover (LCC), cloud top radiative cooling, and PBL turbulent mixing may further enhance the decrease in LCC. The stronger inversion stability of PBL partly counters the decrease in LCC, and a recently developed index, the estimated cloud-top entrainment index, is a better predictor for LCC changes than conventional stability indices. The relative strength of shallow convection increases in the warmer climate, but its effect on low-cloud feedback is complicated by the unified treatment of shallow convection and PBL turbulence in CLUBB. Stronger shallow convection means more convective drying but also less PBL turbulence and less LCC in the present climate, which leads to less reduction in LCC. The parameters related to dynamic turbulent structure and double Gaussian closure in CLUBB are the most influential parameters on low-cloud feedbacks. Our results suggest that a unified treatment of shallow convection and turbulence may give rise to the predominate role of the PBL turbulent mixing in determining low-cloud feedback.
Introduction
As reported by the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change, the equilibrium climate sensitivity (ECS) among current climate models still exhibits a wide range of values (Collins et al., 2013) . Many studies have shown that the uncertainty of ECS among general circulation models (GCMs) mainly stems from low-cloud feedbacks over tropical (30°N/S) oceans (Bony & Dufresne, 2005; Cess et al., 1990; Medeiros et al., 2008; Soden & Vecchi, 2011; Vial et al., 2013; Webb et al., 2006) . To reduce this uncertainty, it is therefore important to understand the physical mechanism of lowcloud feedbacks.
Cloud feedbacks are affected by many processes that control cloud dynamics such as local turbulent eddies, nonlocal convective plumes, microphysics, and radiation (Ceppi et al., 2017) . Among these processes, shallow convection and turbulent mixing in the planetary boundary layer (PBL) are important in determining the sign and magnitude of low-cloud feedbacks. Several mechanisms involving convective processes have been proposed. For instance, Brient et al. (2015) and M. Zhang et al. (2013) found that strengthened shallow convection in a warmer climate leads to drying of the PBL by transporting moisture to the free troposphere (convective drying) when shallow convection dominates turbulent mixing, suggesting a positive cloud feedback (decreased low cloud cover, LCC). The strength of convective drying has been found to be related to model-specific convection parameterizations (Vial et al., 2016) . As the climate warms, large-scale and smallscale lower-tropospheric mixings have been found to deplete the layers of water vapor needed to sustain low clouds in a similar way, and lower-tropospheric mixing in the present climate has been further proposed to provide a good observational constraint on ECS among GCMs (Sherwood et al., 2014) .
Compared with the analysis of shallow convection, less attention has been paid to the impact of turbulent mixing in the PBL on cloud feedbacks in GCMs, although some studies have shown its potential influence on the uncertainty of ECS among GCMs (Watanabe et al., 2012; Webb et al., 2015) . Some mechanisms about PBL mixing have been proposed in the studies involving the impact of interplays between convection and turbulence on low-cloud feedbacks (Brient et al., 2015; M. Zhang et al., 2013) . For example, M. Zhang et al. (2013) found that moistening from surface-based turbulence can increase low clouds and therefore induce a negative cloud feedback when turbulent moistening of the PBL induced by enhanced turbulent moisture transport from the surface dominates convective drying. By contrast, in some cases, weakened PBL turbulent mixing can induce low-cloud shallowing (getting lower) with enhanced turbulent moistening as shown in Brient et al. (2015) . Their results revealed that models simulating low-cloud deepening in a warmer climate are more influenced by strengthened convective mixing, leading to a positive cloud feedback (decreased LCC) and thus a higher climate sensitivity. On the other hand, models simulating low-cloud shallowing are more influenced by weakened turbulent mixing, and changes in LCC are more uncertain.
In previous studies (e.g., Brient et al., 2015; Vial et al., 2016; M. Zhang et al., 2013) , cloud feedback mechanisms are usually explored in GCMs that use separate schemes for shallow convection and PBL turbulence. When these two processes are represented by different parameterization schemes, the continuous spectrum of turbulent motions is broken (Brient et al., 2015) , and the potential inconsistency between shallow convection schemes and PBL turbulence schemes may lead to uncertainties in cloud feedbacks. Treating physical parameterizations in GCMs as an integrated system rather than individual components has therefore been proposed by M. Zhang et al. (2013) to reduce cloud feedback uncertainties.
Recently, a unified treatment of boundary layer processes has been achieved in the Community Atmosphere Model version 5 (CAM5) by using a higher-order turbulence closure parameterization named Cloud Layers Unified by Binormals (CLUBB; Golaz et al., 2002a Golaz et al., , 2002b Larson, 2017; Larson et al., 2002 Larson et al., , 2012 Larson & Golaz, 2005) . CLUBB unifies the treatment of PBL turbulence, shallow convection, and cloud macrophysics (Bogenschutz et al., 2013) . Compared to the traditional separated schemes, CLUBB has been shown to significantly improve the simulations of low clouds in several climate models, including CAM5 (Bogenschutz et al., 2013) , Geophysical Fluid Dynamics Laboratory Atmospheric Model version 3 (AM3; H. , and superparameterized CAM5 (SP-CAM5; Wang et al., 2015) .
In a unified scheme like CLUBB, the interactions between shallow convection and PBL turbulence can be potentially more complicated than that in conventional cloud schemes. For example, while stronger shallow convection may lead to more convective drying, stronger shallow convection may also mean less PBL turbulence and less low cloud in the present climate in a unified scheme (e.g., Z. Guo et al., 2014, hereafter G14; Z. Guo et al., 2014, hereafter G15) . The amount of low clouds in the present climate can affect low-cloud feedback through the "beta feedbacks": The strength of the low-cloud response to climate warming is strongly correlated with the strength of the lowcloud radiative effects or LCC in the present climate due to the strong coupling between LCC, low-cloud longwave radiative cooling, and relative humidity of PBL (Brient & Bony, 2012) . Therefore, the effects of shallow convection on low-cloud feedbacks can depend on the competition between the convective drying and "beta feedbacks." G14 and G15 investigated the sensitivity of low cloud simulations to multiple CLUBB parameters using perturbed-parameter ensemble (PPE) experiments in the single column version of CAM5 and the global CAM5 simulations, respectively. Here we extend those two studies to investigate the potential mechanism of low-cloud feedbacks, with a focus on the interactions between shallow convection and PBL turbulence, and to further examine how low-cloud feedbacks are sensitive to selected tunable parameters in the CAM5-CLUBB. PPE experiments allow us to examine the robustness of feedback mechanisms among model parameter uncertainty (e.g., Brient & Bony, 2012; Kamae et al., 2016) . Section 2 details the CLUBB scheme, the sensitivity analysis, and cloud dynamic regime classification methodology. Section 3 analyzes the spread of cloud feedbacks among PPE members. Section 4 investigates the physical mechanism of cloud feedbacks in CAM5-CLUBB, and section 5 presents the sensitivity analysis of the simulated cloud feedbacks associated with tunable parameters. Finally, the summary and discussion are given in section 6.
Methodology

Model and Parameterization
CLUBB is based on an assumed triple-joint probability density function (PDF) of liquid water potential temperature (θ l ), total water mixing ratio (q t ), and vertical velocity (w) (Golaz et al., 2002a (Golaz et al., , 2002b . The double Gaussian PDF is shown to perform better in simulating the highly skewed PDFs observed in cumulus layers than single Gaussian or double delta function PDFs . Larson et al. (2002) also shows that the closure based on the double Gaussian PDF is superior to the other PDF closures like the double or triple delta closure in most cases of a trade wind cumulus layer, a stratocumulus layer and a clear convection (Larson & Golaz, 2005) . The double Gaussian PDF is determined by 13 parameters that are the weight of PDF (mixt), the width of each Gaussian along w, q t , θ l coordinate (e σ w , e σ θ l 1 , e σ θ l 2 , e σ q t 1 , e σ q t 2 ), the position of each
, e q t2 ), and an intra-Gaussian correlation (subplume correlation) between q t and θ l ( r q t θl ). These 13 unknown parameters of the PDF are solved in the system of equations related to the prognosed first-and second-order moments (means, variance, and covariance) of w, q t , θ l , and third-order moment of w. To ensure that e σ (Larson & Golaz, 2005) . Once the PDF parameters are determined, higher-order moments (w 0 q
, and w 0 4 ) are calculated by integration over the assumed triple-joint PDF, and the predicted equations of CLUBB are therefore closed, with buoyancy and dissipation terms already closed by other methods (Golaz et al., 2002a; Larson & Golaz, 2005) . Cloud macrophysics quantities (cloud fraction and cloud liquid water mixing ratio) can then be diagnosed by integrating over the assumed joined PDF.
In CAM5-CLUBB, CLUBB replaces the separate treatments of boundary layer turbulence, large-scale cloud macrophysics, and shallow convection in CAM5 and consequently unifies those different schemes (Bogenschutz et al., 2013) . The Morrison and Gettelman (here after MG) cloud microphysics scheme, which predicts number and mass mixing ratios of cloud droplets and ice crystal and diagnoses number and mass mixing ratios of rain and snow, is used in CAM5-CLUBB (Gettelman et al., 2010 . The unified parameterization in CAM5-CLUBB allows adopting one single cloud microphysical scheme (MG) for both shallow convection and stratiform clouds; while in CAM5, MG is only applied for stratiform clouds. As for the deep convective process, the Zhang-McFarlane (ZM) convection scheme (G. J. Zhang & McFarlane, 1995 ) is adopted, which is coupled with CLUBB through process splitting and called before CLUBB. More details of the difference between CAM5-CLUBB and CAM5, and how CLUBB is coupled with other parameterizations have been described in Bogenschutz et al. (2012; .
Tunable Parameters
As in G15, we choose 14 parameters (C1, C2rt, C6rt, C6rtb, C7, C7b, C8, C11, C11b, C14, υ, β, γ and μ) from CLUBB and 4 parameters (C0_ind, C0_ocn, dmpdz, and τ) from the ZM deep convection scheme in our PPE experiments, as described in Table 1 . G14 and G15 both show that most of the variance in simulated cloud fields could be explained by these tunable parameters in the single column or global simulations. For example, γ determines the dynamic subgrid turbulent structures through the skewness of vertical velocity and therefore has a significant impact on the cloud properties and shortwave cloud radiative effect (SW CRE). Similarly, C8 and C1 also have notable impacts on cloud properties by changing the dynamic turbulent structures through damping w 0 3 and w 0 2 , respectively. The β significantly affects LCC because it determines the thermodynamic turbulent structure through skewness of scalars. The perturbed ranges of the parameters are determined by 10.1029/2018MS001423
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their theoretical ranges or numerical stability of the simulation. More details about how to choose the CLUBB parameters are described in G15 and G14.
As the interactions between boundary layer processes and deep convections are expected to influence cloud and climate simulations, we have also chosen four tunable parameters from the ZM deep convection scheme.
Many studies have shown model results are sensitive to these parameters (Jackson et al., 2008; Qian et al., 2015; Yang et al., 2013) .
Experimental Design and Sensitivity Analysis
The Quasi-Monte Carlo sampling approach (Caflisch, 1998 ) is applied to explore the high-dimensional space, guided by G14 and G15, as Quasi-Monte Carlo can sample uniformly from parametric uncertainty ranges (Table 1 ). The 512 samples are generated with the 18 perturbed parameters, the same as in G15. For each parameter sample, a pair of experiments is performed: the control one is based on the climatological sea surface temperature (SST), and the 4K experiment applies a uniform +4 K SST perturbation to the control experiment. The total of 1,024 simulations is then performed. For each parameter sample, cloud feedbacks are calculated as the difference between the control experiment and the 4K experiment. This approach originated in Cess et al. (1989) , which used SST perturbations as a surrogate climate change to diagnose cloud feedbacks. In addition, CAM5-CLUBB default experiments that adopt the default values of the 18 selected parameters as in Bogenschutz et al. (2013) are performed to provide detailed model diagnostics for analyzing physical mechanisms of the cloud feedback, and they include both control and 4K simulations. Each simulation is run for 5 years and 4 months, forced by climatological SSTs. Monthly mean results from the last 5 years are analyzed in this study.
The generalized linear model (GLM; Mccullagh & Nelder, 1989 ) is used to analyze the response of cloud feedbacks to the 18 parameters, including their linear and nonlinear effects, as done in G15. Assuming the modelfitting residuals follow independent normal distributions with zero mean and unit variance, GLM can fit a simulation result by the selected tunable parameters using a specific form of linear equations. More details about how GLM is used for sensitivity analysis have been described in G14.
Classification of Dynamic Regimes
Several methods to distinguish cloud regimes have emerged in recent years. Many studies (Bony & Dufresne, 2005; Bony et al., 2004; Su et al., 2008; Vial et al., 2013; Webb & Lock, 2013; Wyant et al., 2009 ) divide cloud regimes using either large-scale vertical velocity at 500 hPa (w500) or lower-tropospheric stability (LTS, 
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defined as the difference of potential temperature of the air at 700 hPa and at the surface). Medeiros and Stevens (2011) found w500 is helpful to distinguish the regimes dominated by PBL clouds from those by deeper clouds, while LTS is more useful for separating the stratocumulus regime from the shallow cumulus regime. As a result, Webb et al. (2015, hereafter W15) argued that a single hybrid index based on w500 and LTS is able to combine the benefits of the two indices. We therefore choose the ALPI index (the angular LTS/precipitation index) that combines both precipitation and LTS, to classify the cloud regimes, as proposed by W15. Precipitation is chosen over w500 as W15 suggests it is a more robust indicator of the strength of tropical moist convection than w500.
ALPI is defined as the angle of declination in degrees of the line taken between the data point and the anchor point (near the location [LTS max , P max ]) in normalized LTS/precipitation space (Webb et al., 2015) :
where P dis and LTS dis are the normalized distances of each LTS and precipitation value from the anchor point, calculated as
and Figure 1 shows the areas of 10 regimes distributed in the tropical oceans (30°N/S), divided by area-weighted percentiles of ALPI, which can ensure the invariable area of each regime under surface warming despite the shift of patterns of atmospheric large-scale conditions (Webb & Lock, 2013) . These ALPI indices are calculated using the ensemble-mean precipitation and LTS in the control experiment. The larger ALPI is, the more stable the regime is and vice versa. Regime 1 (hereafter Reg1) is the most unstable regime and is characterized by deep convection and deep clouds, mainly located at the southwest of the tropical Pacific Ocean and the south of the Indian Ocean near the equator, where Intertropical Convergence Zone often takes place. With the gradual outward expansion from Reg1, the stability of the regimes becomes stronger. The most stable regime (Regime 10, hereafter Reg10) dominated by stratocumulus can be found over the oceans near the west coasts of North America, South American, South Africa, and Europe in the tropics.
Cloud Feedbacks in 10 Regimes
Figure 2 shows boxplots of net, shortwave, and longwave cloud feedbacks in 10 regimes over low-latitude oceans (30°N/S) in the control/4K experiments, sorted by area-weighted percentiles of the ALPI index. For each ensemble member in each experiment, the regime-mean CRE is calculated by sorting monthly means into 10 regimes through ALPI percentiles and then averaging the results in each regime in time. The cloud feedbacks in each regime are diagnosed using changes in regime-mean CRE divided by the SST changes. Although biases exist in this method of diagnosing cloud feedbacks due to the masking effect of climatological cloudiness on noncloud feedbacks (Soden et al., 2004) , it is still a good predictor of the intermodel spread of cloud feedbacks (Vial et al., 2013) .
The range between the upper and lower whiskers shows the spread among perturbed-parameter models, excluding the outliers. Some extreme outliers have emerged out of the normal range, possibly attributed to the nonlinear interaction of the parameters. The shortwave cloud feedbacks have generally shown larger uncertainty than longwave cloud feedback, with large spreads in shortwave cloud feedback mainly located in Reg1 and Reg10, and the largest uncertainty in longwave feedback is located in the strong precipitation areas. As for net cloud feedbacks, the largest uncertainty falls in Reg10, caused by the large uncertainty of shortwave cloud feedbacks in this regime. By contrast, the spread of net cloud feedbacks is small in Reg1, due to the offset of the longwave component and the shortwave component, though the shortwave cloud feedbacks still show large uncertainty. Our results are consistent with those from the multimodel ensemble experiments (AMIP/AMIP4K experiments, AMIP: the Atmospheric Model Intercomparison Project) shown in W15.
As shortwave cloud masking is negligible over the tropical oceans, the real shortwave cloud feedbacks are positive almost in every regime ( Figure 2 ). However, cloud masking contributes about À1 Wm À2 K À1 to the longwave (LW) CRE changes in the subsiding regions and À2 Wm À2 K À1 in deep convective regions (Soden et al., 2008) . Consequently, the ensemble-mean longwave feedbacks in each regime are also positive after the cloud masking effect is taken account. Figure 3 shows the vertical profiles of cloud fraction from the ensemble-mean and CAM5-CLUBB default simulations in the control/4K experiments in 10 regimes. The positive longwave cloud feedbacks may be related to the rise of high clouds (Figure 3) , especially in the deep convective regions, which has been documented in previous studies (Hartmann & Larson, 2002; Zelinka & Hartmann, 2010) . By contrast, the positive shortwave cloud feedbacks are associated with the decrease in LCC (Figure 3) , especially in the areas dominated by shallow cumulus and stratocumulus clouds.
As the largest uncertainty is in Reg10 and the mechanism of low-cloud feedback has not been fully understood, we explore how low clouds change in a warmer climate in Reg10 in section 4. Figure 4 shows the annual-mean vertical profiles of meteorological and cloud fields in the CAM5-CLUBB default experiments between 1,000 and 700 hPa in the control/4K experiments in Reg10. The vertical structures of the ensemble-mean simulations (not shown) are similar with those from the CAM5-CLUBB default experiments. Figures 4a and 4b show that low clouds become shallower, and LCC and cloud liquid water mixing ratio decrease under surface warming. To quantify the shallowness of low clouds, here we use an index ξ (Brient et al., 2015) , the ratio of the cloud fraction below 900 hPa to the total cloud fraction below 800 hPa. A larger index ξ means shallower low clouds. In Reg10, the CAM5-CLUBB default parameters produce a ξ of 87.1% in the control climate and 98.4% in the warmer climate, with the decrease in LCC by 2.02%.
Cloud Feedbacks in Stratocumulus Regime
Low Cloud Change
Cloud fraction and relative humidity reduce most strongly around 880 hPa (Figures 4a and 4f) , indicating that the PBL top is close to this level. Total water mixing ratio increases significantly near the surface in the warmer climate owing to the Clausius-Clapeyron relationship (Figure 4c ). Relative humidity shows the modest increases near the surface, which would offset part of the surface latent heat flux increase in the warmer climate. In the subcloud layer, liquid water potential temperature is almost constant with height, which indicates PBL is well mixed below the cloud base ( Figure 4d ). Consistent with previous studies (e.g., Webb & Lock, 2013; M. Zhang et al., 2013) , large-scale subsidence becomes weaker as the climate warms (a 1.07% reduction of w500; Figure 4e ), which is related to the weakening of the Walker circulation (Bayr et al., 2014) .
Impact of Entrainment, Shallow Convection, and Turbulent Mixing
Several previous studies Brient et al., 2015; Vial et al., 2016) have shown that entrainment, shallow convection and turbulent mixing are important in controlling low cloud responses to surface warming. The turbulent mixing can impact LCC by affecting moisture transport, while shallow convection and entrainment processes usually influence LCC by convective drying and entrainment drying, respectively. Here, we explore how these processes affect the low cloud changes in CAM5-CLUBB. Figure 5 shows the vertical distribution of the subgrid fluxes involved in the thermodynamic and dynamic processes, the second and third momentum and the skewness of vertical velocity. Note that the significant increase in moisture flux arises near the surface (Figure 5b 
Entrainment
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lower atmosphere (Figure 9 ). These results are aligned with most CMIP5 models (Brient et al., 2015) . The reduction in sensible heat flux contributes to the decrease in heat flux in the subcloud layer (Figure 5c ). The negative heat flux near the top of PBL is mainly produced by the entrainment process diluting the warm air into PBL. The sharp increase in the heat flux (positive changes, see dark grey lines) close to the cloud top suggests that the cloud top entrainment weakens under surface warming. The weaker cloud top entrainment is further supported by the decrease in moisture flux near the cloud top (Figure 5b ). The drop of PBL height under surface warming is also consistent with the weaker entrainment process (Figure 4d ).
Several previous studies Webb & Lock, 2013) pointed out that the increasing downward longwave radiation from the free troposphere in a warmer climate can weaken the radiative cooling at the cloud top, thus leading to the reduction in radiatively driven entrainment. The increase in downward longwave radiation mainly originates from the increased water vapor in the free troposphere (Figures 4b  and 4c ), as the saturation vapor pressure increases with temperature following the Clausius-Clapeyron equation. On the other hand, the weaker entrainment may also result from the more stable inversion at the cloud top ( Figure 9b ).
As the entrainment is suppressed in the warmer climate, less dry air above the cloud top is entrained into cloud layers and therefore entrainment is unlikely responsible for LCC decrease.
Shallow Convection
Now we turn attention to the behavior of the shallow convection. CLUBB does not have a separate shallow convection parameterization and handles convective transports in all shallow clouds, including stratiform low clouds. As shown in Figure 5g , the skewness of vertical velocity, diagnosed as w 0 3 = w 0 2 1:5 , has increased below 750 hPa, especially in the cloud layer and above the cloud top, indicating the stronger and narrower updrafts in the cloud layer and enhanced relative strength of shallow convection with the climate warming. Previous studies (Brient et al., 2015; Vial et al., 2016; M. Zhang et al., 2013) have shown that stronger shallow convection can transport more moisture from the PBL to the free troposphere and thus contribute to the LCC decrease, usually with the deepening of PBL clouds (convective drying). 
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To explore how shallow convection affects low-cloud feedbacks in CAM5-CLUBB, we define the mean skewness of the vertical velocity between 850 and 950 hPa (MSVV) as a proxy to the relative strength of shallow convection to PBL turbulence. It should be noted that this may not indicate the absolute strength of shallow convection, as the variance of the subgrid vertical velocity may change as well. Because CLUBB provides a unified treatment of shallow convection and boundary layer turbulence, it is challenging to directly measure the absolute strength of shallow convection. Figures 6c and 6d present the relationship between LCC changes from the climate warming and MSVV in the present climate. When the present LCC is greater than 40%, a stronger shallow convection tends to cause a larger decrease in LCC under surface warming, presumably because of convective drying (Figure 6d ). By contrast, when the present LCC is less than 40%, a stronger shallow convection in the present climate suggests a more modest decrease in LCC (Figure 6c ). The less decrease in LCC is usually associated with a smaller LCC in the present climate that is caused by stronger shallow convection (Figure 6a ). This is consistent with the "beta feedbacks" proposed by Brient and Bony (2012) , which argues that the larger LCC in the present climate can cause more LCC decrease when the climate warms. In this case, the "beta feedbacks" dominates the effect of convective drying.
In summary, shallow convection influences the LCC change through two ways in CAM5-CLUBB. On the one hand, when LCC is small (less than 40%), shallow convection can influence low-cloud feedbacks by affecting the present LCC through the "beta feedbacks" (Figures 6a and 6c ). On the other hand, when LCC is large (greater than 40%), shallow convection can directly influence the LCC change through the convective drying (Figures 6b and 6d) . Overall, the influences of shallow convection are complicated, and enhanced shallow convection in the warmer climate does not lead to deeper clouds in CAM5-CLUBB (section 4.1). 
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Turbulent Mixing
The fact of low cloud getting shallower despite enhanced relative strength of shallow convection in the warmer climate may indicate the important role of turbulent mixing on the cloud response to climate warming. Figure 5e shows that the turbulence in the PBL weakens in the 4K experiment. The weakened PBL turbulence is mainly attributed to the decrease in buoyancy flux (Figures 5d  and 5e ). Moreover, changes in cloud fraction in the warmer climate may also contribute to changes in buoyancy flux. The reduction in LCC leads to less radiative cooling (Figure 5h) , unfavorable for the instability in the cloud layer and vice versa. For example, the small positive change in the buoyancy flux at around 940 hPa (Figure 5d ) results from the increase in LCC at around 940 hPa (Figure 4a ). Brient et al. (2015) found that shallower clouds in a warmer climate are associated with weaker total moisture mixing efficiency in the PBL (boundary layer turbulence and convection). Here we hypothesize that the weaker turbulence in the PBL leads to less and shallower low clouds in CAM5-CLUBB in the warmer climate. Following Brient et al. (2015) , the moisture mixing efficiency in the PBL is quantified through the effective diffusivity as
where w 0 q 0 t is the moisture flux and q t is the total water mixing ratio. The ensemble-mean vertical distributions of the total mixing efficiency and buoyancy flux and their changes due to the climate warming are summarized in Table 2 . It shows that the total mixing efficiency (K) and the buoyancy flux in the subcloud layer (below 950 hPa) are significantly larger than those above the cloud base. Moreover, the dominant decrease in total mixing efficiency and buoyancy flux from the warming is located in the subcloud layer, especially close to the cloud base. We further find that the weakened buoyancy flux near the cloud base can well explain the decrease in the vertical-mean total moisture diffusivity K (R = 0.69, figure not shown), implying that the decrease in total mixing efficiency is mainly caused by the weakened PBL turbulent mixing driven by buoyancy flux.
Our results show that the shallowing of low clouds is associated with the decreasing total mixing efficiency (R = À0.68; Figure 8a ), consistent with Brient et al. (2015) . Additionally, the LCC decrease is well correlated with the decrease in total mixing efficiency (R = 0.70; Figure 8b ), suggesting a potential positive feedback between LCC, cloud radiative cooling, and PBL turbulent mixing. Specifically, when LCC decreases, cloud top radiative cooling reduces, resulting in the decreased buoyancy flux and thus the weakened PBL turbulent mixing, and the weakened mixing in turn transports less moisture from the surface to cloud layers, making it harder to sustain the clouds. The decreased mixing in the PBL is mainly caused by reduced buoyancy flux near the cloud base, as discussed above. In CLUBB, the buoyancy flux is diagnosed as follows (Golaz et al., 2002a) :
where 
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Figures 8c and 8d show that the larger temperature gradient between 880 and 950 hPa is well correlated with the decrease in total mixing efficiency. The stronger cloud layer stability may decrease total mixing efficiency by decreasing heat flux and thus buoyancy in the cloud layers. The larger temperature gradient may be partly related to the larger LCC in the present climate through the "beta feedbacks" (see most of red points located in the upper range of x axis in Figure 8c ). However, when LCC is greater than 40%, the relationship between the temperature gradient and total mixing efficiency cannot be explained by LCC alone (red or blue points distributed evenly in the whole range of x axis in Figure 8d ). When the climate warms, the lower troposphere becomes more stable ( Figure 9 ) and so does the cloud layer. Here we propose a potential mechanism to explain LCC decrease here: When the climate warms, the gradient of liquid water potential temperature near the cloud layers increases first, suppressing the turbulence in the cloud layer and thus triggering the LCC decrease, and once cloud fraction decreases, the positive feedback between cloud fraction, cloud top radiative cooling, and PBL turbulent mixing leads to further reduction in LCC.
Impact of Inversion Stability
Apart from the subgrid dynamic structures of PBL that affect LCC changes, inversion stability can potentially affect low-cloud feedbacks as well. For example, Bretherton and Blossey (2014) found large increases in inversion stability in the stratocumulus regions could counter much of cloudiness reductions induced by a 4K warming and CO 2 quadrupling. Here, we use PPE experiments to explore the relationship between the inversion stability and cloud fraction when the climate warms. The inversion strength that caps the PBL can be diagnosed in many ways. One way is to use lower-tropospheric stability (LTS, LTS = θ 700 À θ 1,000 ; Klein & Hartmann, 1993) , and LTS increases by 1.80 K in Reg10 in the CAM5-CLUBB default simulations. Another index is the Estimated Inversion Strength (EIS) proposed by Wood and Bretherton (2006) , and it is based on LTS but gets rid of the effects of changing free-tropospheric lapse rates between 700 and 1,000 hPa. EIS works better 
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due to its more regime-independent predictor of stratus cloud fraction. The results show that EIS increases by 0.19 K in the CAM5-CLUBB default simulations.
The inversion strength represented by LTS/EIS in almost all PPE members is stronger under surface warming, indicating that the stronger inversion in a warmer climate is robust in CAM5-CLUBB. The correlations between changes in LCC and these two indices are presented in Figure 9 , which shows that a larger increase in the inversion strength tends to cause a smaller reduction in cloud fraction, in agreement with the results of Bretherton and Blossey (2014) . Stronger inversion in a warmer climate can trap more moisture within PBL, thus countering the reduction in LCC. Webb et al. (2018) showed that a strong increase in EIS (>0.45 K per degree warming) can even lead to an increase in LCC, while limited increases in EIS (due to muted increase in evaporation) may still lead to decreases in LCC. Consistent with Webb et al. (2018) , almost all PPE members in our study produce increases in EIS below 0.45 K per degree warming and decreases in LCC.
The relative contribution of EIS and turbulence on the LCC changes are further examined through a multiple linear regression of LCC changes as function of changes in EIS and PBL turbulence with climate warming. The PBL turbulence is determined by the integral of vertical velocity variance over the PBL. The results show that changes in vertical velocity variance accounts for 95.3% of explained variances in LCC changes, indicating the predominate role of PBL turbulence in determining low-cloud feedback. Kawai et al. (2017) proposed a unified predictive index for LCC, called the estimated cloud-top entrainment index (ECTEI) that takes into account a cloud-top entrainment criterion. ECTEI is defined as follows:
where β is a coefficient (here β = 0.23), L v is the latent heat of vaporization, c p is the heat capacity of air, and q surf and q 700 is the specific humidity at the surface and 700 hPa, respectively. While LTS and EIS increase with the climate warming as noted above, ECTEI decreases by 1.01 K in Reg10 in the CAM5-CLUBB default simulations. This is caused by the increased gradient of humidity between the surface and 700 hPa in the warmer climate. It indicates that with climate warming the instability of PBL induced by the humidity gradient dominates the stability established by the temperature gradient. Moreover, changes in LCC correlate better with changes in ECTEI than changes in LTS or EIS (Figure 9 ), possibly because ECTEI takes into account the effect of cloud top entrainment (i.e., the vertical gradient of humidity). Qu et al. (2015) found that EIS and the vertical gradient of humidity are the two controlling factors that contribute most to LCC changes in a seven-variable heuristic model (a multiple linear regression of LCC changes as function of changes in EIS, latent heat flux, humidity gradient in the free troposphere, and other four factors). Thus, introducing the vertical gradient of humidity into EIS helps to explain the LCC changes better. Figure 10 shows the response of shortwave cloud feedbacks to the perturbation of 18 parameters from the 512 CAM5-CLUBB simulations in Reg10. The 512 simulations are equally divided into eight bins for each input parameter, following G15. The mean value and range of shortwave cloud feedback are denoted by solid squares and vertical bars, respectively. The length of the vertical bars measures the uncertainty caused by the other parameters. Figure 11 is the same as Figure 10 but for LCC in the present climate.
Sensitivity of Cloud Feedback to Parameter Perturbation
The shortwave cloud feedback in Reg10 varies from 0.36 (10th percentile) to 2.59 (90th percentile) W/m 2 /K in response to the perturbations of the 18 input parameters with the ensemble mean of 1.43 W/m 2 /K in the 512 simulations. The numbers above each box indicate the relative contribution (scores) of each individual parameter to the total explained variance of the shortwave cloud feedbacks derived by the GLM. Half of the 18 parameters contribute statistically significantly to the total explained variance, most of which are related to CLUBB. The explained variance contributed by all the individual parameters runs up to 67.6% of the total variance, and the rest of explained variance (7.4%) is covered by the nonlinear interaction of the 18 parameters. The most influential parameters on the variance of the shortwave cloud feedbacks in Reg10 are γ (26.9% of variance), C8 (11.7%), β (6.2%), C7b/C7 (5.8%/4.6%), and C1 (5.1%), which are related to the width of PDF in w coordinate, Newtonian damping of w 0 3 , buoyancy damping of water flux, the skewness of scalars and w 0 2 dissipation, respectively. The shortwave cloud feedback decreases almost linearly with increasing γ, C7b/C7, and beta, while it increases first and then deceases with increasing C8. For LCC in the present climate, the most 10.1029/2018MS001423 significant contributors are similar: γ (38.1%), C8 (19.6%), β (12.3%), C1 (5.1%), and C7b/C7 (4.8%/4.6%). The same as shortwave cloud feedbacks, the LCC in the present climate also decreases approximately linearly with increasing γ. Figure 12 shows the vertical profiles of the change in LCC, heat flux, vertical velocity variance, and vertical velocity skewness in response to the perturbation of the most influential parameters (γ, C8, C7b, β, and C1) on cloud feedbacks from the 512 pairs of CAM5-CLUBB simulations. A larger γ tends to cause a smaller decrease in LCC (Figure 12(a1) , "a" denotes first row number and "1" means first column of boxplots and so forth). In the present climate, γ can affect LCC in two ways through its influence on the width of PDFs in w-coordinate ( e σ 2 w ) as discussed in G15. On the one hand, a larger γ helps to produce stronger updrafts when the PBL tends to be convective, by determining the mixture of Gaussians together with the predicted w skewness (w 0 3 = w 0 2 1:5 ). On the other hand, γ indirectly affects w 0 3 and then predicted w skewness by regulating the response of the turbulent structure to the changes in surface heat fluxes (see details in G15). A larger positive predicted w skewness means narrower and stronger updrafts than downdrafts, in favor of the generation of shallow convection and broken clouds. Therefore, a larger γ tends to decrease LCC through enhancing shallow convection. This is also the case for our study (Figure 11) . A larger γ significantly decreases LCC in Reg10 in the present climate, as the largest contributor (38.1% of variances).
With increasing γ, the increase in w skewness becomes larger below 800 hPa (Figure 12d1 ), that is, shallow convection gets much stronger in a warmer climate. We would then expect to see more LCC decrease due to the stronger convective drying. However, the reduction in LCC is smaller with larger γ (Figure 12a1 ). This can be explained by the "beta feedbacks" we have discussed in section 4.2.2: Larger γ leads to the smaller 
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LCC in the present climate and therefore leads to smaller LCC reduction. The smaller decrease in the turbulence with larger γ (Figure 12c1 ) is consistent with the "beta feedbacks."
The way γ affects the LCC change can also be applied to other parameters. However, the extent to which each parameter affects the low cloudiness change through the "beta feedbacks" is different. It is mainly affected by whether a parameter has a significant influence on the LCC in the present climate. G15 found that increasing C8 damps the third moment of the vertical velocity and then decreases the predicted w skewness, especially near the cloud top, resulting in the LCC increases because of the weakened shallow convection. Both C8 and γ significantly change LCC in the present climate through the impact on the PBL dynamic structure ( Figure S2 ). Therefore, these two parameters mainly affect the low-cloud feedbacks by changing the LCC in the present climate.
Since both C7 and C7b influence LCC through the C7 skewness function (Golaz et al., 2007) , we take C7b to explain how it affects the low-cloud feedbacks. As mentioned in G14, the terms in the equation of the scalar flux that are related to C7/C7b work as the sink terms. Increasing C7b reduces the buoyancy momentum and hence decreases the scalar fluxes, resulting in weaker mixing in the PBL and smaller LCC in the present climate. Meanwhile, C7b could affect the dynamic structure of PBL indirectly through changing the heat flux. The vertical profile of changes in cloud fraction, heat flux, vertical velocity variance, and vertical velocity skewness (from the first row to the last row, respectively) in response to the perturbation of the parameters of gamma_coef, C8, C7b, Beta, and C1 (from the first column to the last column, respectively) from 512 perturbed-parameter ensemble experiments.
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A larger C7b leads to smaller heat flux, then smaller vertical transport and hence smaller buoyancy flux in the equation of the third momentum of the vertical velocity, indicative of a weaker shallow convection and a larger LCC in the present climate, compensating the cloudiness reduction from the weaker mixing. Overall, a larger C7b leads to a smaller LCC (Figure 11) . However, as shown in Figure 12 (a3), C7b does not show a linear and significant impact on the vertical profiles of cloudiness change. This is consistent with nonmonotonic changes in SW CRE feedbacks with C7b ( Figure 10 ). In general, a larger C7b gives rise to weaker "beta feedbacks" (Figure 12c3 ) and smaller increase in shallow convection (Figure 12d3 ) in a warmer climate, causing a smaller LCC decrease together.
The β affects LCC mainly through the skewness of scalars and then the width of PDF in scalar coordinates.
Increasing β leads to a more asymmetric turbulence, which favors shallow convection and smaller cloud fraction. More details on this mechanism can be found in G15. Just like γ and C8, β greatly changes LCC through affecting the structure of turbulence in the PBL. Thus, β can also impact on low-cloud feedbacks through the "beta feedbacks." C1 affects LCC through the impact on the turbulence kinetic energy, especially the dissipation of turbulence kinetic energy at the top of the boundary layer due to the small eddy dissipation time scale there, as described in G15. Hence, a larger C1 reduces the cloud fraction by damping the turbulence in the PBL. Through the influence on the dynamic turbulent structure, the impact of C1 on the LCC changes resembles that of γ.
Summary and Discussion
In this study, we have performed the perturbed-parameter ensemble (PPE) experiments to investigate the physical mechanisms of low-cloud feedbacks in the CAM5-CLUBB. A GLM is applied to further study the responses of simulated low-cloud feedbacks to 14 CLUBB selective tunable parameters and 4 parameters of the ZM deep convection scheme. The ALPI index proposed by Webb et al. (2015) has been chosen to classify the tropical oceans into 10 dynamic regimes. The results show that the largest spread of the net cloud feedbacks due to parameter perturbations appears in the most stable regime (Reg10) dominated by stratocumulus clouds, which is attributed to the largest spread of shortwave cloud feedbacks.
In Reg10, shortwave cloud feedbacks in CAM5-CLUBB are generally positive, with reduced LCC in a warmer climate. The entrainment is found to be suppressed in the warmer climate and is unlikely responsible for LCC decrease. The relative strength of shallow convection increases in the warmer climate, but its effect on low-cloud feedbacks is complicated because of the unified treatment of shallow convection and PBL turbulence in CLUBB. Enhanced shallow convection generally dries the PBL, and stronger shallow convection in the present climate would then imply more drying and larger reduction in LCC (convective drying). However, as CLUBB is a unified scheme of shallow convection and turbulence, stronger shallow convection usually means less boundary layer turbulence and therefore less LCC in the present climate. Through the "beta feedbacks," this usually means less reduction in LCC with increasing shallow convection in the present climate. The net effect of shallow convection on cloud feedbacks therefore depends on whether the convective drying or the beta feedback dominates. When LCC is large in the present climate (>40%), our results indicate that the convective drying dominates in CLUBB, and stronger shallow convection leads to more reduction in LCC. On the other hand, when LCC is low (0%~40%), the "beta feedbacks" dominate, and stronger shallow convection results in less reduction in LCC.
Low clouds become shallower despite enhanced relative strength of shallow convection in the warmer climate. This shallowing can be well explained by the decrease in the total mixing efficiency, which is further caused by the weakening of the PBL turbulent mixing. The weakening of the PBL turbulent mixing reduces moisture transport to cloud layers, thus leading to reduction in LCC and positive cloud feedback. Our results further suggest that the weakened PBL turbulent mixing is related to the gradient of the temperature in the cloud layer, indicating that the strengthened stability of the cloud layer under surface warming may trigger the LCC decrease through suppressing the turbulence in the cloud layer and thus in the subcloud layer. It is still unclear what might cause the strengthened stability of the cloud layer in the first place, and this may be related to changes in radiative cooling in the warming climate proposed by Bretherton (2015) : As the climate warms, a more emissive free troposphere from increased water vapor reduces the radiative cooling at the cloud top and therefore leads to a more stable cloud layer. Once the cloud layer becomes more stable the positive feedback between LCC, cloud top radiative cooling and PBL turbulent mixing can further enhance the LCC decrease.
On the other hand, the capping inversion of the stratocumulus-topped boundary layer measured by temperature gradient (LTS or estimated inversion stability, EIS) becomes stronger in the warmer climate in CAM5-CLUBB. It traps more moisture in the PBL and partly counters the reduction in LCC, in agreement with the previous study (Bretherton & Blossey, 2014) . By contrast, the ECTEI, which was recently developed as a unified predictive index for LCC and takes into account a cloud-top entrainment criterion, becomes weaker with the climate warming. The low cloudiness reduction is found to correlate better with the changes in ECTEI than the changes in LTS or EIS.
The GLM results have shown γ, C8, β, C7b/C7, and C1 as the most effective parameters in determining lowcloud feedbacks as well as LCC in the present climate in Reg10. Their impacts on the low-cloud feedbacks in the most stable tropical regime are mainly through the "beta feedbacks" by affecting LCC in the present climate. These CLUBB parameters are related to skewness of vertical velocity and scalars. Changes in subgrid vertical velocity variances and changes in LCC from the climate warming vary consistently with perturbed parameters, indicating the predominate role of PBL turbulence in determining low-cloud feedbacks in CLUBB ( Figure 12a1 -a5 and Figure 12c1 -c5). Sherwood et al. (2014) proposed that lower-tropospheric mixing can be a good emergent constraint to the ECS among GCMs. They argued that the vertical mixing in the lower troposphere (measured by the LowerTropospheric Mixing Index, LTMI) consists of large-scale lower-tropospheric mixing (D) via explicitly resolved circulations and small-scale lower-tropospheric mixing (S) via parameterized processes in a GCM (see extended data Figure 1 in Sherwood et al., 2014) . Following Sherwood et al. (2014) , the same method is adopted to diagnose the lower-tropospheric mixing over the tropical ocean. The correlations between changes in mean LCC over the tropical ocean and present lower-tropospheric mixing are presented in Figure S1 . It shows that the small-scale lower-tropospheric mixing does not correlate with LCC decrease. Sherwood et al. (2014) utilizes the resolved thermal structure in the ascending region to determine the small-scale lower-tropospheric mixing (close to shallow convective mixing), and it may not be able to represent the strength of the total small-scale lower-tropospheric mixing over the whole tropical oceans in CAM5-CLUBB. The correlation between larger-scale lower-tropospheric mixing and LCC changes is also lower ( Figure S1b ), which may indicate the local mixing (such as PBL turbulent mixing and shallow convection) may be important compared with the larger-scale nonlocal mixing.
Reg10 is the most stable regime, dominated by stratocumulus. However, some transitional clouds may also be included in Reg10. Adopting the stratocumulus criteria from Medeiros and Stevens (2011; w500 > 10 hPa and LTS ≥ 17.0 K), we found that the area of stratocumulus in the present climate accounts for 84.7% of Reg10 sorted by annual-mean ALPI percentiles in the CAM5-CLUBB default simulation and accounts for around 60% in most PPE members. When Reg10 is further divided into two equally sampled subregimes based on ALPI, the area of stratocumulus reaches above 90% in Reg10 for near all the PPE members in the top-half ALPI regime (the more stable one). However, results based on this subregime are nearly the same as those from Reg10 (not shown), which suggests that the transitional clouds included in Reg10 have little influence in our conclusions here.
Our results show that positive low-cloud feedbacks exist in the CAM5-CLUBB. However, M. Zhang et al. (2013) found a Single Column Model with CLUBB produces negative cloud feedbacks in the regions of stratocumulus or cumulus. It is still unclear what might cause this discrepancy. One difference is that the versions of CLUBB used in two studies are different. Moreover, M. Zhang et al. (2013) did not consider diurnal and synoptic variability and ignored the interactions between CLUBB and the large-scale environment as well as the spatial variability of cloud feedbacks in GCM.
In this study, PBL turbulent mixing plays a more important role than shallow convection on low-cloud feedbacks, perhaps related to the unified treatment of shallow convection and PBL turbulence in CLUBB. The conclusion here may be applied to other higher-order closure schemes such as Intermediately Prognostic Higher-Order Closure (IPHOC) scheme (Cheng & Xu, 2006) , considering the similar methods to generate the assumed PDF. Further work should be focused on the improvement of the simulations about the subgrid turbulent structure, in order to reduce the uncertainties of low-cloud feedbacks caused by the associated parameters.
